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[57] ABSTRACT

Described is a technique for generating directly certain
derivatives of device parameters by measuring the de-
vice response to ac modulation under conditions of
constant modulation index. In particular, the technique
as it applies to measuring directly idF/di and 2d2F/di?
for AlGaAs DH p-n junction lasers is described for two
cases: where the generalized function F equals either
voltage V across the laser or the light intensity output L
of the laser, and / equals current through the laser. For
p-n junction lasers this technique permits measurement
of the series resistance R, lasing current threshold iy,
and the exponential factor 8 = ¢/nkT.

10 Claims, 4 Drawing Figures
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CONSTANT MODULATION INDEX TECHNIQUE
FOR MEASURING THE DERIVATIVES OF
DEVICE PARAMETERS

BACKGROUND OF THE INVENTION

This invention relates to a technique for measuring
the derivatives of device parameters and, more particu-
larly to measuring the first and second derivatives of the

light-current-voltage characteristics of AlGaAs double 10

heterostructure junction lasers.

Derivative techniques are employed in many fields of
science and engineering. Reasons for their use range
from the enhancement of signal-to-noise ratio, as in
nuclear magnetic resonance and optical reflectivity
investigations of band structure, to the convenience of
direct measurement of dynamic transistor characteris-
tics. Usually the techniques measure system response 1o
a small ac modulation, often using phase detection for

signal enhancement.
These techniques have recently been successfully

applied to an analysis of the current-voltage characteris-
tics of GaAs injection lasers. The first derivative d V/di
has been shown to be useful, both in homojunction and
in double heterostructure lasers, for measuring the pa-
rameters entering the i-V characteristic as well as for
extracting lasing threshold and other features intimately

related to the lasing process.

SUMMARY OF THE INVENTION

In accordance with one embodiment, my invention
comprises a method for generating a product of an nth
order derivative of a device parameter F with respect to
current flowing through the device times the n/ power
of the current. For example, a dc current plus an ac
component at frequency £ are applied to a device, such
as a junction laser, being tested. A voltage (V = F)
produced in response to the flow of current through the
device is phase detected in order to generate the coeffi-
cients of the Taylor series of that voltage at either the
first harmonic () or the second harmonic (2(2). It 1s a

feature of our invention that the modulation index m =

i/Af is maintained constant thereby allowing the direct
measurement of both id¥V/di and i2d?V/di2. These cur-
rent-derivative products, rather than the simple deriva-

tives dV/di and d?V/di2, are often desired quantities to
measure. Thus, for junction lasers they provide a means
to measure both the series resistance R, the lasing cur-
rent threshold i, and the exponential factor 8 = ¢/nk'T.
Using this technique on GaAs-AlGaAs DH junction
lasers, very strong second derivative signals near and
above lasing threshold were observed. Additionally,
derivatives of the light-current characteristic were dis-
played. These derivatives showed much sharper detail
near lasing threshold (and when filamentary instabilities
occurred) than did the light-current characteristic itself.

The technique is also useful for other devices in par-
ticular those for which the I-V characteristic exhibits
exponential dependence over at least some current

range. For example, the technique can be used to mea-
sure the series resistance and 8 = g/nkT of silicon
diodes.

BRIEF DESCRIPTION OF THE DRAWING

My invention, together with its various features and
advantages, can be readily understood from the follow-
ing more detailed description taken in conjunction with

the accompanying drawing, in which:
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FIG. 1 is a schematic, block diagramatic view of
apparatus used in accordance with one embodiment of
my invention;

FIG. 2 is a graph showing typical first harmonic
(idV/di) and second harmonic (2d?V/di?) voltage re-
sponses as a function of laser current measured using the
apparatus of FIG. 1; |

FIG. 3 is a graph showing typical first harmonic
(idL/di) and second harmonic (i?d?L/d??) light intensity
responses as a function of laser current measured using
a slightly modified version of the apparatus of FIG. 1;
and

FIG. 4 corresponds to FIG. 1 but is adapted to mea-
sure derivatives of light intensity L.

DETAILED DESCRIPTION

With reference now to FIG. 1, there is shown appara-
tus for measuring certain parameters of a device 10
being tested. The parameters are determined by gener-
ating directly particular current-derivative products;
namely, idF/di and 2d?F/di2 where F is a generalized
function that depends on the particular device under
test. For clarity of description, however, 1t will be as-
sumed in the immediately following discussion that the
device 10 under test is a junction laser diode and that F
— V, the voltage developed across the laser diode in
response to a current iy flowing therethrough. How-
ever, as discussed later, F could also be L, the light
intensity output of the laser.

The depicted apparatus comprises an oscillator 12
which generates a reference signal at a frequency {}
(illustratively an audio frequency of about 1-100kHz)
on lead 16 connected to phase detector 14 (e.g., Prince-
ton Applied Research Model PAR124). Oscillator 12
also generates on lead 16 a similar signal which 1s passed
through a variable attenuator 18 to a dc current source
20 (e.g., a Hewlett-Packard Model HP6181B). Thus, the
signal applied to current source 20 is a voltage V. pro-
portional to Ai cos (t. Source 20 then adds a dc current
component i so that its output current /,is given by

iy = { + A cos {4 (1a)
The current iy passes through both the laser diode 10
and a resistor 22 which are connected in series with one
another. The voltage developed across resistor 22 18
applied to the x-input terminals of an x-y recorder 24.
On the other hand, the voltage V, developed across
laser diode 10 is applied to the input of phase detector
14.

The voltage V, can be expressed in terms of its har-
monic components as follows

V() = Vg + V,cos & + V;cos 2l +. .. (15)

The phase detector 14 functions in two modes: (a) the
f-mode for detection of V,, the magnitude of the first
harmonic component and (b) the f/2-mode for detection
of V,, the magnitude of the second harmonic compo-
nent. Thus, the output of the phase detector is a voltage
V, proportional to either V, or V, depending on the
mode of operation. V is applied to the y-input terminals
of recorder 24.

It is a feature of my invention that the laser current is
modulated at constant modulation index, m = Af/i
constant, rather than alternatives such as constant mod-
ulation amplitude, AL Accordingly, Eq. (1a) can be
rewrtiten as



(= K1 + m cos {11). (1c)
The advantage of using constant modulation index can
be better appreciated if we consider a laser modeled as
an 1deal p-n junction in series with a resistance of value
R;. The current-voltage characteristic of this idealized
device below threshold (/ < i,,) would be

(= 1 fePt -Ro ]

(1)

where conventionally S q/nkT, g 15 electronic
charge, k i1s Boltzmann’s constant and T is absolute
temperature. Solving Eq. (1d) for V, neglecting in this
context both the — 1 term and the current dependences
of the parameters of Eq. (1d), and differentiating yields

(dV/d) = (1/i8) + R, (2)

and

(2 V/di) = —1/87 (3)

For many purposes the preferred forms of Egs. (2) and
(3) are

Kdv/dD) = (1/8) + IR, (2a)

and
(3a)

P(PV/di?y = — 1/8,
thus allowing the direct extraction of the parameters 3
and R, without having to deal with the inverse current
dependences. Also, the forms of Eq. (22) and Eq. (3a)
lend themselves to the investigation of the small i —V
changes which occur because of the optical-electrical
interactions in the laser. It is worth emphasizing that
direct measurements of the quantities idV /di and 2d2V-
/di? are desired as opposed to the synthesis of these
quantities from other measured parameters. This im-
proves both the measurement accuracy and the experi-
mental simplicity.

In order to see how this is possible consider that a
current of the form of Eq. (1a) or Eq. (1¢) is applied to
the diode, the response voltage is expanded in a Taylor
series as in Eq. (1b) and coefficients ¥, and V,in ) and
2() collected. The result is

V() = mi(dV/di) (4)

and
V:20) = (m/2) 2 d*V/dit,

(5)
if only lowest order terms are retained. Thus, when the
laser is modulated using a constant modulation index in
accordance with my invention, the desired gquantities

may be obtained directly at the frequencies ) and 2Q;
that is, ¥, and V;are directly proportional to idV /di and
2d?V/di? which in turn give 8 and R, by virtue of Eq.
(2a) and Eq. (3a).

In operation, when the phase detector 14 is tuned to
the modulation frequency {1 [f-mode (a) in FIG. 1] laser
response voltages like that labeled idV/di in FIG. 2 are
obtained. This curve has characteristics which include a
y-axis intercept [equal to 1/Bon the simple theory, Eq.
(2a)], the slope (proportional to series resistance R, on
the simple theory), and an indication of voltage satura-

tion near lasing threshold. System response was
checked both with resistors and with a Si diode replac-

ing the laser, and the known values of R and 8 were
reproduced very well. The signal V| (£)) was also con-
firmed to be linearly proportional to m as expected from
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Eq. (4). Many different lasers were measured and their
results seemed generally similar although major devia-
tions from slope linearity below threshold were some-
times observed, as were significant differences among
the forms of the idV/di responses near and above lasing
threshold. Voltage saturation was almost never coms-
plete, and filaments resulted in even more complex
idV/di responses. The experimental technique, howev-
er, 15 accurate, easily calibrated, and simple to use.

An 1mportant advantage of this technique is that it
can also be used to measure the voltage response at
frequency 2{} and thus to obtain the second derivative
2d?V/di2. Detection at frequency 28} was accomplished
by operating the phase detector 14 in the f/2-mode
[mode (b) in FIG. 1]. In this mode the instrument pro-
duces an internal reference frequency at exactly twice
the frequency of the externally applied reference, thus
making the detection system sensitive to F,(20).

Trace () of FIG. 2 shows a typical signal detected
with the system operated in the f/2-mode. The signal-
to-noise ratio was very large. The initial shape (with
current increasing) was quite reproducible from laser-
to-laser while the structure at higher currents is laser
dependent. The initial negative offset is proportional to
l/Bon the simple theory [Eq. (3a)]. Again the signal
appeared greatly affected by filamentary laser opera-
tion. When the laser was shorted or replaced by a resis-
tance, a horizontal straight line resulted, as expected. As
an additional check, the dependence of ¥,(2{)) on mod-
ulation index was measured below threshold over the
range 0 = m = 0.10 and confirmed to be accurately m?2,
consistent with theory [Eq. (5)]. Thus, there is little
indication of feedthrough from the first harmonic, or of
harmonic distortion of the modulating frequency, af-
fecting the detected voltage at the second harmonic.

Note also that in the vicinity of the lasing threshold
the second derivative signal is strongly peaked. Conse-
quently, the inflection point P1 or some intermediate
point P2 can be used to measure /. An advantage of this
technique resides in the fact that it is a totally electrical
procedure, 1.e., the light output need not be monitored.
One application, therefore, is in controlling the deposi-
tion of reflections or anti-reflection coatings on the laser
mirrors. Such depositions typically take place with the
laser mounted in a vacuum chamber where electrical
access to the laser is more readily made than optical
access.

Using the apparatus depicted in FIG. 1, the deriva-
tives idL /di and i2d?L /di? for light intensty L. were also
directly obtained. As shown in FIG. 4, this was accom-
plished by placing the laser 10 in a holder (not shown)
in which the optical emission 11 from each mirror face
was separately monitored with Si photodiodes 13. The
photodiode current (or a voltage proportional thereto)
then served as the input to the phase detector 14. This
application of derivative techniques may prove to be a
useful adjunct to L(/) measurements, not only for the
purpose of providing accurate measurement of parame-
ters such as differential quantum efficiency (a dL/dY)
but also for the investigation of filaments and other
spatial inhomogeneities in the laser cavity. Typical de-
rivative signal responses are shown in FIG. 3 along

with a light-output-current characteristic measured in
the same apparatus. A device with significant curvature

in the L —/ was used as an example in order to illustrate
the enhancement of such slope changes using the deriv-
atives. As expected from earlier results, the emission
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from the two laser mirrors was often unsymmetric and
was usually very unsymmetric when L —/ kinks were
present. These kinks are thought to be associated with
spatial inhomogeneities in the laser cavity. This non-
symmetry was also present in the light-current deriva-
tives. Very sharp derivative structure was seen near the
light-current kinks. These observations strongly suggest
that light-current derivatives, either alone or in combi-
nation with voltage derivatives, will prove very useful
for investigating light-current nonlinearities, spatial
inhomogeneities, and their relationship in injection la-
Sers.

It is to be understood that the above-described ar-
rangements are merely illustrative of the many possible
specific embodiments which can be devised to represent
application of the principles of our invention. Numer-
ous and varied other arragements can be devised In
accordance with these principles by those skilled in the
art without departing from the spirit and scope of the
invention.

In particular, neglecting the —1 term in Eq. (1d) 1s
not thought to be significant. However, although the
assumptions that 8, R, and i,are independent of current
is a good first order approximation, if 8 does in fact
depend on current through a parameter #, the first order

correction to the derived value of 7 i1s

an(i) = (g/kT) (V—iR)) i/n dn/di (6)

Equivalently one finds instead of Eq. (2a)

idv/di = (/B + Vis/mdn/di + iR (1 — i/ndn/di
) (2a')

Thus both of the derived parameters 8 and R, are sensi-
tive to the assumption of 8 independent of current.

Analogous comments apply in the second derivative
case where Eq. (3a) is replaced by

2dV/die - - 178(1 — 2 (/ndn/diy + (V—IR) i#/n
d?n/dit - (3a")

Expressions applicable when R and i,are current depen-
dent are similarly derived in a straightforward fashion

well known to those skilled in the art.

What is claimed 1s:

1. A method for generating a product of an n* order
derivative of a device parameter F with respect to cur-

rent flowing through the device times the n* power of

the current comprising the steps of:
a. applying to said device a variable current which
has both a d.c. component { and an a.c. component
Ai which oscillates at a frequency {1,
b. maintaining substantially constant the ratio /A
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c. detecting a signal produced in response to the flow

of said current through said device, and

d. extracting from said signal the frequency compo-

nent thereof which corresponds to the desired cur-
rent-derivative product.

2. A method according to claim 1 wherein said device
has an exponential relationship between current and
voltage over at least some current range.

3. A method according to claim 1 for generating the
current-derivative product, idV/di, where F = V1s the
voltage developed across said device in response to said
current { flowing therethough, and wherein in step (c)
said voltage, which corresponds to said signal, 1s phase
detected to extract in step (d) the magnitude of the first
harmonic frequency component.

4. A method according to claim 3 including the step
of generating a display of the magnitude of said first
harmonic component versus current L

5. A method according to claim 4 wherein said device
is a p-n junction laser, and including the step of deter-
mining the series resistance R, of said laser from the
slope of said display and 8 = ¢/nkT from the ordinate
intercept of said display.

6. A method according to claim 1 for generating the
current-derivative product, 2d2V/dii, where F = V'is
the voltage developed across said device in response to
said current / flowing therethrough, and wherein the
step (c) said voltage, which corresponds to said signal, 1s
phase detected to extract in step (d) the magnitude of
the second harmonic frequency component.

7. A method according to claim 6 including the step
of generating a display of the magnitude of said second
harmonic component versus current .

8. A method according to claim 7 wherein said device
is a p-n junction laser, and including the step of deter-
mining 8 = ¢/nkT from the ordinate intercept of said
display and the current threshold for lasing from that
portion of said display which exhibits a relatively sharp
peak.

9. A method according to claim 1 for generating the
current-derivative product, idL/di, where said device 1s
a p-n junction laser and F = L is the light intensity
output of said laser, including the steps of

converting said light output to the signal of step (¢),

and
in step (d) extracting from said signal the magnitude

of the first harmonic frequency component.

10. A method according to claim 1 for generating the
current-derivative product, i2d2L /di?, where said device
is a p-n junction laser and F = L is the light intensity
output of said laser, including the steps of

converting said light output to the signal of step (c),

and

in step (d) extracting from said signal the magnitude

of the second harmonic frequency component.
* * % »* X
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